Introduction
============

The introduction of species into artificial conditions with the aim to establish laboratory lines is necessary and useful in numerous situations for experimental or mass rearing purposes. Laboratory conditions are different from the ones a species encounters in nature and often favor a small group of individuals with specific reproductive advantages \[[@B1]\]. For insect species, it has been observed that the adaptation to laboratory conditions frequently favors individuals with faster life cycles, females with high fecundity at the beginning of the reproductive stage, and males that do not necessarily accomplish all parts of the courting sequences /courtship \[[@B2]-[@B4]\]. At a molecular level, changes in the genetic variability have also been observed during the adaptation to laboratory conditions \[[@B5]-[@B11]\]. Specifically, the reduction of the population effective size in combination with the confinement to finite spaces has high impact on the genetic variability \[[@B12]\]. These changes could lead to a reduction in the ability of the species to confront changes in the environment or to survive if returned to wild conditions \[[@B13],[@B14]\].

The adaptation of wild populations to laboratory conditions is a crucial step in modern biological control programs, such as in the case of the Sterile Insect Technique (SIT) \[[@B15]-[@B17]\]. The implementation of SIT requires the mass rearing and sterilization of insects for release into the natural environment. Once in the field, sterile males are expected to survive and mate with wild females. This leads to no offspring and therefore the population size is effectively reduced in time \[[@B18]\]. The quality control of the insects that are released is of vital importance to the success of the SIT. Therefore, it is important to assess the processes that may drive genetic changes during the introduction and adaptation of insects to laboratory conditions and the impact of these changes on life-history traits.

The South American fruit fly *Anastrepha fraterculus*Wiedemann (Diptera: Tephritidae), is among the targeted species of integral pest control programs in Latin America, given its great economic importance. Although SIT is currently being applied in Central America to control the population density of other species of *Anastrepha*genus \[[@B19]-[@B21]\], only chemical approaches have been used to control *A. fraterculus*populations \[[@B22]\]. This species infests a wide variety of fruit species, therefore being the reason of high crop losses and restrictions to potential markets, especially for Uruguay, Argentina, Peru and South of Brazil \[[@B23],[@B24]\]. Currently, *A. fraterculus*is considered a complex of cryptic species (see \[[@B25]-[@B27]\]). In Argentina and southern Brazil, only one biological entity is described as *A. fraterculus*sp. 1 \[[@B26]\] or Brazilian 1 morphotype \[[@B27],[@B28]\]. Numerous studies about biological, behavioral and genetic traits of this species have been carried out in the last 15 years as they are requirements before SIT can be applied to control this pest \[[@B29]-[@B32]\]. Viscarret *et al*. \[[@B33]\] were the first to assess the effects of adaptation to laboratory conditions in *A. fraterculus*sp. 1 populations. These authors found that recently introduced populations suffer drastic changes in survival and fecundity parameters.

Despite the limited information at genetic level available for this species, we have recently developed a set of species-specific microsatellite markers \[[@B34]\]. The development and availability of these markers are of major importance as very powerful tools for population genetics analyses \[[@B35],[@B36]\]. In fact, these markers have been successfully used to assess intra-specific genetic diversity in wild and laboratory populations of this pest \[[@B34]\]. As a first approach to understand the dynamics of change of the genetic variability during the first generations under laboratory conditions in *A. fraterculus*sp. 1, we used a subset of these markers to analyze the genetic variability and differentiation of a laboratory and a wild population of this pest across six generations in the laboratory environment. We also discuss the driving evolutionary processes occurring during early laboratory adaptation and make suggestions regarding the maintenance of the natural vigor of laboratory populations aiming to support SIT development for *A. fraterculus*.

Methods
=======

Introduction and adaptation of lines
------------------------------------

Wild individuals were obtained in March 2012 from infested guava (*Psidium guajava*L.) in the vicinity of Tafi Viejo (Horco Molle, Tucumán, Argentina). The infested fruit was carried to the laboratory and placed in containers with sand as a substrate for pupation. Pupae were retrieved from the sand weekly and placed into glass containers. Emerged adults were introduced in 40-cm^3^cages, with water and food (MP Biomedical hydrolyzed yeast as protein source and sugar) to establish a replicated parental line named Tucumán Wild (TW). Each replicate population (TW1, TW2) was started with 760 individuals at a sex rate of 1:1. As control, a replicated parental line named Castelar Lab (CL) was started with pupae obtained from the experimental rearing at the Instituto de Genética \'Ewald A. Favret\', Instituto Nacional de Tecnología Agropecuaria (IGEAF, INTA Castelar; Buenos Aires, Argentina). This laboratory strain was established in 2007 and maintained for 56 generations under artificial rearing according to Jaldo et al. \[[@B37]\], and since then no wild material has been introduced to refresh the genetic background. The strain was derived from a semi-mass rearing colony kept at Estación Experimental Agroindustrial Obispo Colombres, Tucumán, Argentina, originally initiated in 1997 with wild pupae recovered from infested guavas (*P. guajava*L.) collected at the vicinity of Tafi Viejo (Horco Molle, Tucumán, Argentina) \[[@B29]\].

Replication procedures for the CL populations (CL1, CL2) were similar to those described above for the TW line. TW and CL were kept isolated from each other for six generations under the same laboratory conditions (25°C, 45% humidity and 16-8 (L : D) photoperiod).

A cylindrical container (5 cm tall and 2 cm in diameter) filled with red colored water and covered by a plastic film was used as substrate for oviposition. These artificial fruits were checked every 24-48 h and the eggs were deposited into containers with artificial larval diet \[[@B38]\]. Containers were placed in other recipients containing sand as pupation substrate. Pupae were recovered after 17 days and placed in cages until adult emergence for the establishment of the next generation. Mean pupae-adult time was 15 days \[[@B37]\].

Microsatellite genotyping methods
---------------------------------

Replicates from each line, named as TW1, TW2, CL1 and CL2 respectively, were analyzed at generations 0, 3 and 6 (G~n~, G~n+3~and G~n+6~) under laboratory rearing conditions. At each generation, 30-40 randomly chosen flies (in a 1:1 sex ratio) were obtained from each of the four populations to perform molecular analysis.

Individuals were kept at -20°C until processed. DNA was extracted following the protocol described by Baruffi et al. \[[@B39]\]. The genetic material was analyzed by electrophoresis (agarose 0.8 % in buffer TBE 0.5 × and revealed with ethidium bromide \[[@B40]\]). Images were captured with an UVP reveler (Fotodyne Inc. Hartland, WI, USA) and analyzed with Photoshop (Adobe Microsoft). The DNA was quantified with Nanodrop 1000 (Thermo Scientific).

The genetic variability of each population was analyzed with 10 microsatellite markers (A7, A120, A102, D12, A10, C103, D105, A122, A112 and D4) developed in Lanzavecchia et al. \[[@B34]\]. These microsatellite markers were selected from a set of 14 highly polymorphic microsatellites tested in wild and laboratory *A. fraterculus*populations \[[@B34]\]. Forward primers were 5´-labeled with fluorescent dyes (FAM-HEX). PCR reactions were done in a final volume of 10 µl containing: 2 mM dNTPs, 1.5 mM MgCl2, 0.4U *Taq*DNA polymerase (Inbio Highway, Tandil, Argentina) and 0.5 µM of each primer, using 40 ng of total DNA as template. Amplification was carried in a thermal cycler (MultiGene, Labnet, USA) with a denaturalization step of 2 minutes at 94°C followed by 29 cycles of 30 seconds at 94°C, 30 seconds at 58-60°C (see optimized annealing temperature \[[@B34]\]) and 30 seconds at 72°C, with a final elongation step of 10 minutes at 72°C. PCR products were evaluated with electrophoresis (agarose 1.5 % w/v) and run in an ABI 3130 XL DNA Analyzer (Applied Biosystems, Life Technologies, USA) with GeneScan 500 ROX Size Standard (Applied Biosystems). The results were processed using GeneMarker Software \[[@B41]\] to assign the genotype to each sample for each locus. All allele scores were visually inspected.

Microsatellite data analysis
----------------------------

Genetic variability of each population at each generation was measured as: mean number of alleles per locus (Na), mean observed heterozygosity (Ho), expected heterozygosity (He) and allelic richness (AR) using FSTAT 2.9.3 \[[@B42]\] and Arlequin v3.11 \[[@B43]\].

Departures from Hardy-Weinberg equilibrium (HWE) for each locus and each population were quantified using the intra-population fixation index (F~IS~). The statistical significance of F~IS~values was assessed using the randomization procedure implemented in FSTAT \[[@B42]\] and afterward sequential Bonferroni corrections for multiple comparisons were applied \[[@B44]\]. The frequencies of null alleles for each locus and linkage disequilibrium between pairs of loci were estimated using Microchecker \[[@B45]\] and FSTAT \[[@B42]\].

To assess the initial genetic variation between the parental populations (TW and CL at G~n~) three different approaches were performed taking into account all *loci*: i) a hierarchical Analysis of Molecular Variance (AMOVA) using Arlequin \[[@B43]\]; ii) a genotypic differentiation test (Exact G test) implemented in GENEPOP 3.4 \[[@B46],[@B47]\]; and iii) the Wilcoxon Matched Pairs Test run in STATISTICA \[[@B48]\].

The genetic diversity of the three generations analyzed in each population (CL and TW) was compared through Friedman non-parametric ANOVA using STATISTICA \[[@B48]\].

To quantify the distribution of total variation among generations within lines (G~n~, G~n+3~and G~n+6~), among replicates within generations and within replicates, individual AMOVAs were performed for each line (TW and CL) with Arlequin \[[@B43]\].

Effects of positive selection were tested for each microsatellite locus by applying the Ln RH test \[[@B49],[@B50]\]. This test detects loci with a pattern of variability which is different from that expected under neutrality, and is based on the comparison of the logarithm of the ratio between expected heterozygosities obtained for each locus in two populations: Ln RH = \[((1/(1- H pop1))^2^- 1)/((1/(1- Hpop2))^2^- 1)\]. To apply the test, ratios of expected heterozygosities were calculated for each locus using data from G~n~and G~n+6~(G~n+6~/G~n~ratios) and for each line (CL and TW). Since Ln RH values are expected to follow a normal distribution for neutrality evolving microsatellite loci \[[@B49]\], significant deviations of Ln RH values from the Z distribution indicate positive selective sweep. To detect loci under selection, a one-way ANOVA was also performed with locus as a factor and Ln RH values as dependent variable according to Simões at al. \[[@B51]\]. These analyses were done using STATISTICA \[[@B48]\].

Results
=======

Over the four populations (TW1, TW2, CL1 and CL2 ), the ten microsatellite loci had different levels of polymorphism in terms of number of alleles, ranging from 2 to 15 and with a mean of 5.71 alleles per locus (data not shown). No linkage disequilibrium was detected with consistency across the populations (*P*\> 0.05 in all cases). After the sequential Bonferroni correction, most of the populations sampled conformed to HWE at most of the loci. Out of the 120 tests performed (4 populations × 3 generations × 10 loci), only eight showed deviations from HWE (P \< 0.05), measured using the fixation index (F~IS~) (Table S1, Additional file [1](#S1){ref-type="supplementary-material"}). The locus/population combinations that were not in HWE were not concentrated in any population or at any locus. Moreover, null alleles appeared to be present in various combinations of population/marker, which suggests that null alleles contribute to the heterozygote deficiency observed for some of these samples that exhibited deviations from HWE (Table S1, Additional file [1](#S1){ref-type="supplementary-material"}).

The two lines analyzed here, the long-established CL and the recently introduced TW, showed genetic heterogeneity. The AMOVA performed in G~n~detected significant differences between the lines (*F*= 0.0196; *P*= 0.00098), with 2% of genetic variability explained by this source of variation. The results from the Exact G test considering all loci in this generation also showed that genotypic frequencies differ between the lines (*P*\<0.05). In addition, the genetic variability parameters showed high initial values for these lines. Particularly, TW seemed to show higher diversity in terms of mean number of alleles per locus (Na), allelic richness (AR) and expected heterozygosity (He) than CL in the parental generation G~n~(Table [1](#T1){ref-type="table"}; Figure [1](#F1){ref-type="fig"}A,B), with marginally significant differences for AR between lines (Z = 1,72; *P*= 0.08, Wilcoxon Matched Pairs Test).

###### 

Genetic variability estimates in the laboratory established line (CL) and the adapting line (TW) of *Anastrepha fraterculus*for generations n, n+3 and n+6 under laboratory rearing conditions.

  Line and replicate   Generation   Na          AR    Ho            He
  -------------------- ------------ ----------- ----- ------------- -------------
  CL R1                G~n~         5.4 (2.4)   5.3   0.54 (0.28)   0.63 (0.17)
                       G~n+3~       5.7 (2.4)   5.4   0.57 (0.18)   0.66 (0.15)
                       G~n+6~       5.1 (2.4)   5.0   0.53 (0.26)   0.60 (0.22)
  CL R2                G~n~         5.4 (2.7)   5.3   0.58 (0.28)   0.62 (0.23)
                       G~n+3~       5.7 (2.3)   5.2   0.52 (0.20)   0.60 (0.18)
                       G~n+6~       6.1 (2.6)   5.4   0.51 (0.15)   0.66 (0.13)
                                                                    
  TW R1                G~n~         6.7 (2.9)   6.4   0.62 (0.12)   0.66 (0.16)
                       G~n+3~       6.1 (2.3)   5.4   0.58 (0.20)   0.61 (0.18)
                       G~n+6~       4.3 (1.9)   4.1   0.51 (0.26)   0.58 (0.18)
  TW R2                G~n~         6.7 (2.8)   6.5   0.58 (0.24)   0.66 (0.18)
                       G~n+3~       6.2 (2.9)   5.7   0.57 (0.16)   0.65 (0.14)
                       G~n+6~       6.3 (2.8)   5.6   0.56 (0.25)   0.63 (0.21)

Na, mean number of alleles; AR, mean allelic richness; Ho, mean observed heterozygosity; He, mean expected heterozygosity. In parentheses: standard deviation.

![**Mean allelic richness, AR (A), and mean expected heterozygosity, He (B), at generations n, n+3 and n+6 under laboratory conditions of rearing for the four populations of *A. fraterculus***.](1471-2156-15-S2-S14-1){#F1}

The genetic diversity in CL seemed to be more stable through generations than that in TW, specifically in terms of AR (Table [1](#T1){ref-type="table"}; Figure [1](#F1){ref-type="fig"}A). He for CL showed the same pattern as AR but with some inter-replicate variation (Figure [1](#F1){ref-type="fig"}B). In contrast, in TW, both variability parameters tended to decline during early laboratory adaptation (Figure [1](#F1){ref-type="fig"}A,B). Despite the high inter-replica variation detected within TW, marginally significant differences were detected in genetic variability across generations (Table [2](#T2){ref-type="table"}). Particularly, one replicate of this line (TW R1) showed a stronger decline in genetic variability across generations than the other replicate (TW R2) (Figure [1](#F1){ref-type="fig"}A,B). The Friedman ANOVA demonstrated significant differences in both Na and AR among generations for the R1 replicate (Q = 6.35 *P*= 0.04 for Na; Q = 7.74, *P*= 0.02, for AR). Although these parameters showed a similar trend to decline through generations in R2, no significant differences were detected for this replicate. For CL, no significant differences were detected in genetic diversity indexes among generations (*P*\> 0.05 in all cases).

###### 

Results of the hierarchical analysis of molecular variance (AMOVA) for the CL and TW lines of *A. fraterculus*

  Source of variation                   Degree of freedom   \% Total variation   Fixation indices   *P*
  ------------------------------------- ------------------- -------------------- ------------------ ----------
  CL line                                                                                           
  Among generations                     2                   3.16                 F~CT~= 0.03158     0.066
  Among replicates Within generations   3                   2.64                 F~SC~= 0.02724     \< 0.001
  Within replicates                     310                 94.20                F~ST~= 0.05795     \< 0.001
                                                                                                    
  TW line                                                                                           
  Among generations                     2                   1.15                 F~CT~= 0.0115      0.056
  Among replicates Within generations   3                   2.65                 F~SC~= 0.0268      \< 0.001
  Within replicates                     314                 96.20                F~ST~= 0.1148      \< 0.001

The degree of freedom, the percentage of variation, the *F*statistics and the probability (*P*) estimated from the permutation test are given at each hierarchical level.

AMOVA results (Table [2](#T2){ref-type="table"}) support the pattern observed in the genetic diversity parameters analyzed, with low but marginally significant differences among generations. The differences between replicates within lines explained 2.65% and 2.64% of the total variance for TW and CL, respectively (*P*\<0.05, Table [2](#T2){ref-type="table"}). Most of the variation was found within replicates, with 96.20% (TW) and 94.20% (CL) of the total variance explained by this source (Table [2](#T2){ref-type="table"}).

Figure [2](#F2){ref-type="fig"} shows the results obtained for the Ln RH test applied to detect deviations from neutrality in our microsatellite data set. No microsatellite locus exhibited any consistent indication of positive selection, except for locus A112 in R1 TW, whose Ln RH value fell slightly outside the 95% limits of the normal distribution. This locus showed a decrease in variability through generations in this TW replicate (Figure [2](#F2){ref-type="fig"}).

![**Heterozygosity ratios (Ln RH) between generations n and n+6 for CL (A) and TW (B) populations**. Dashed lines represent the 95% confidence interval of the normal distribution. Positive and negative Ln RH values denote an increase or a decrease in variability through time, respectively.](1471-2156-15-S2-S14-2){#F2}

Discussion
==========

We presented here the first exploratory analysis of the dynamics of change in genetic variability for a wild *A. fraterculus*sp.1 population during early adaptation. We discuss our data in the frame of recent studies on other Tephritid species and explored the relative impact of evolutionary forces during laboratory adaptation. Our results indicate that during introduction to laboratory conditions *A. fraterculus*suffers a clear genetic differentiation, even in the very early steps of the adaptation process. Genetic drift appeared to be the main evolutionary force impacting on the genetic variability of the *A. fraterculus*during the introduction to laboratory rearing conditions.

The genotypic differences exhibited in the parental generation between CL and TW reflect the occurrence of genotypic variation between the long-established population and the wild population that gave origin to it. In line with previous studies, the wild population showed higher values in genetic diversity parameters. Our lab-adapted line also showed an overall high genetic variability in the 10 microsatellite loci, as described for laboratory strains of *Bactrocera dorsalis*Hendel \[[@B52]\], and a stable pattern of genetic variability across generations. These results evidence that the more than 56 generations in laboratory culture would have relatively low impact in the genetic diversity of this *A. fraterculus*experimental line. Moreover, the expected heterozygosity values were comparable between our CL line and the IGEAF established strain that gave origin (results obtained for 14 microsatellites markers) \[[@B35]\], suggesting the existence of an intrinsic mechanism that contributes to maintaining the variability in *A. fraterculus*even under laboratory conditions.

The declining patterns in genetic variability through early adaptation to laboratory conditions observed for TW are consistent with the results obtained by Gilchrist et al. \[[@B10]\] and Zigouridis et al. \[[@B11]\] in *Bactrocera*spp. In larger-scale studies, these authors followed the fluctuation of genotypic frequencies of microsatellite markers during the colonization of replicated lines of *Bactrocera tryoni*Froggat (Diptera: Tephritidae) and a wild population of *B. oleae*Rossi (Diptera: Tephritidae) in laboratory conditions, respectively. Substantial changes in the genetic variability during the initial period of adaptation were observed for these species, particularly between generations 4 and 10 for *B. tryoni*\[[@B10]\] and generations 1 and 5 for *B. oleae*\[[@B11]\].

The high inter-replicate differences observed particularly for our TW line suggest the occurrence of genetic drift with detectable impact on the genetic variability of the replicates, as described by Gilchrist et al. \[[@B10]\] for *B. tryoni*and Simões et al. \[[@B8],[@B51],[@B53]\] for *Drosophila subobscura*Collin (Diptera: Drosophilidae) populations. In agreement with the study by Hopper with small population sizes \[[@B54]\], genetic drift appears to be the main evolutionary process involved in the genetic differentiation of our TW populations.

We found no strong evidence of selection with the Ln RH test applied to the microsatellite data. Only one locus (A112) showed slight deviations from neutral expectations at one TW replicate (R1) between Gn and Gn+6. Our results point out the relative importance of genetic drift, particularly, through the smaller effective population sizes at early stages of adaptation, molding genetic molecular diversity in our recently introduced TW line, although certain genome region (A112 locus) could reflect selection during laboratory adaptation. In this context, we suggest that the implementation of strategies like the cross of replicates, as proposed by Gilchrist et al. \[[@B10],[@B55]\], could maintain variability in regular *A. fraterculus*experimental and mass-rearing programs. The approach proposed by these authors relates to the fragmentation of a population to diminish the genetic adaptation to captivity \[[@B7]\], which may reduce the genetic variability at a replicate level but maintain it at a population level. Keeping isolated replicates and pooling them every certain number of generations would help to reduce inbreeding to an acceptable level \[[@B56]\]. Additionally, results presented by Zygouridis et al. \[[@B11]\] indicate that refreshments with wild material performed every five to eight generations could be adequate to maintain a wild profile in terms of genetic variability in a *B. oleae*mass-reared colony and would represent a good strategy to maintain variability in this species. In the case of our *A. fraterculus*line, the adequate number of generations between replicate crosses or refreshments with wild material and the evolutionary forces driving genetic changes in the adaptation process of *A. fraterculus*deserve further evaluation including a larger number of generations and a larger number of replicates. The possible combination of these studies with other management strategies for *A. fraterculus*remains as a challenge for future research and will provide useful information to establish improved and efficient experimental and mass-rearing colonies for the development of SIT for this pest.

The present study represents a first insight into the dynamics of change in the genetic variability of *A. fraterculus*populations during adaptation to laboratory conditions. Our results indicate the relative importance of genetic drift as a principal driving evolutionary force in early laboratory adaptation that must be further analyzed. Given our findings of the dissimilarities between replicates, we suggest that the fragmentation and crosses among replicates after several generations may be a suitable procedure to maintain the genetic diversity of the population in captivity. Future challenges should include analyzing further generations and establishing the association between long-term dynamics of change in the genetic variability and in biological or behavioral parameters of relevance to the quality assessment of mass-reared colonies (as fecundity, mating performance, etc) across generations for SIT implementation against this pest.

Conclusion
==========

Studies about changes in genetic variability during adaptation to artificial rearing are of fundamental importance to the monitoring of biological and genetic parameters applicable to mass-reared strains in the frame of SIT control strategies. These studies bring useful information about genetic aspects of foundation and management strategies for *A. fraterculus*experimental rearing. We introduced here a first approach to the genetic changes of a wild population of *A. fraterculus*during the first generations under artificial rearing. Based on recent studies on other Tephritidae species, we discuss the possible evolutionary forces driving the genetic changes observed here. Although our investigations are based on an experimentally reared strain, the results provide useful information about the genetic aspects of this species that could be useful in the development of larger-scale rearing to maximize its potential in the field when specific control strategies are applied.

As SIT has not yet been developed for *A. fraterculus*, all the investigations focused on this direction, as are biological and genetic studies performed in natural and lab strains, will be of paramount importance to help governmental decisions to solve the important economic problem posed by this fruit pest in South America.
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